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(57) ABSTRACT

The invention discloses a method for in-vivo temperature
measurement based on AC magnetization of magnetic nano-
particles, and relates to a nano test technology field. The
invention positions magnetic nano agent at an area of a mea-
sured object, applies an AC excitation magnetic field to the
area of the magnetic nano agent, collects an AC magnetiza-
tion signal of the magnetic nano agent under the AC excitation
magnetic field, detects amplitudes of odd harmonics of the
AC magnetization signal, and finally calculates in-vivo tem-
perature according to a relationship between the odd harmon-
ics and the in-vivo temperature. The invention predetermines
the relationship between the odd harmonics and the in-vivo
temperature via the discrete Langevin’s function and the Fou-
rier transformation, solves the in-vivo temperature according
to the relationship without considering concentration of the
magnetic nanoparticles, and effective moment as temperature
varies, and thus accurately detecting the in-vivo temperature.
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1
METHOD AND SYSTEM FOR IN-VIVO
TEMPERATURE MEASUREMENT BASED ON
AC MAGNETIZATION OF MAGNETIC
NANOPARTICLE

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application is the US national stage of Inter-
national Application PCT/CN2013/077917 filed on Jun. 25,
2013 which, in turn, claims priority to Chinese Patent Appli-
cation CN2013100658967 filed on Mar. 1, 2013.

FIELD OF THE INVENTION

The invention relates to a nano test technology field, and
more particularly to a method and a system for in-vivo tem-
perature measurement based on AC magnetization of mag-
netic nanoparticles.

BACKGROUND OF THE INVENTION

In-vivo temperature refers to temperature of tissues in
complete and survival individuals. In the biological and medi-
cal field, in-vivo temperature measurement methods are
divided into invasive measurement and noninvasive measure-
ment. The invasive measurement method is simple, real-time
and accurate, and it is convenient to monitor measurement
positions by videos. However, problems with the method are
that, wound caused by the method is comparatively large,
insertion of probes often leads to metastasis of pathological
cells, interaction between radiation fields of heating sources
and the probes reduces measurement accuracy, and measured
temperature is temperature at a certain point, not temperature
distribution over a whole coagulation area. The noninvasive
temperature measurement method is now widely accepted
and used in the medical field as being capable of effectively
preventing infection of wound or expansion of cancer cell,
and of providing real-time information of in-vivo temperature
and temperature (field) distribution images deeply in tissues
with comparatively high accuracy.

Presently, the noninvasive temperature measurement
method comprises a ultrasound temperature measurement
method, a microwave temperature measurement method, a
nuclear magnetic resonance (NMR) temperature measure-
ment method, a remote magnetic nanoparticle measurement
method and so on.

Limited by size of organisms, the ultrasound temperature
measurement method employs reflection echo, and a disad-
vantages thereof is that it must measure sound and tempera-
ture characteristics of different tissues in advance, but tem-
perature characteristics of the tissues is significantly different
and unstable. The microwave temperature measurement
method can only be used to tumor at superficial layers, and
resolution is to be significantly reduced at deep layers. How-
ever, this method must predetermine temperature distribution
and measure structure and electrical parameters of organisms,
this is because that thermal noise microwave measured at
body surface is related to temperature distribution, structure
of tissues and electrical properties within a measurement
range. Problems with the NMR temperature measurement
method are that it is too expensive to be widely used, spatial
and temperature resolution thereof are limited, and more
importantly, it can only obtain variation in temperature, not
absolute temperature of tissues. A remote noninvasive tem-
perature measurement method using magnetic nanoparticles
is a high-accuracy temperature (field) measurement tech-
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nique deeply intissues being capable of addressing the above-
mentioned problems. This method implements measurement
and control of in-vivo temperature, and thus being capable of
assessing and adjusting hyperthermia treatment of tumor in
real time at a molecular level. In addition, a magnetic particle
imaging (MPI) based on magnetic nanoparticles features an
extremely high real-time rate in remote noninvasive in-vivo
temperature measurement. Superior to a traditional noninva-
sive method for in-vivo temperature measurement—NMR,
the MPI system is more simple, cost-effective and accurate,
and generates pixels by changing magnetization of the mag-
netic nanoparticles whereby enabling the system to have high
temperature sensibility. Therefore, the MP1 is capable of mea-
suring and imaging the in-vivo temperature in theory.

Temperature-related attributes of the magnetic nanopar-
ticle comprise a particle size, saturated magnetic moment,
concentration distribution thereof in the organism, and so on.
The particle size and the saturated magnetic moment can be
determined via repeated test outside the organism, but it is
difficult to measure concentration of the magnetic nanopar-
ticle in the organism, and no measurement method is avail-
able at present. Meanwhile, uncertainty of concentration and
spatial distribution of the magnetic nanoparticle in the organ-
ism is to cause a significant error in the in-vivo temperature
measurement. To summarize, to facilitate remote temperature
measurement without knowing concentration of the magnetic
nanoparticle has become an unsolved problem in magnetic
nano hyperthermia treatment of tumor.

SUMMARY OF THE INVENTION

Inview of the above-mentioned problems, it is an objective
of the invention to provide a method for in-vivo temperature
measurement based on AC magnetization of magnetic nano-
particles that is capable of accurately measuring in-vivo tem-
perature without obtaining concentration of the magnetic
nanoparticles.

A method for in-vivo temperature measurement, compris-
ing steps of:

(1) positioning magnetic nano agent at an area of a mea-
sured object;

(2) applying an AC excitation magnetic field to the area of
the magnetic nano agent;

(3) collecting an AC magnetization signal of the magnetic
nano agent under the AC excitation magnetic field;

(4) detecting amplitudes C,, Cs, . . ., C,,,_; of odd harmon-
ics of the AC magnetization signal, the number of odd har-
monics nz1; and

(5) calculating in-vivo temperature T according to a rela-
tionship between the odd harmonics and the in-vivo tempera-
ture X=AY, where

the amplitudes of the odd harmonics form a column vector

G
s

Copy

a coefficient matrix A is defined as: the AC magnetization
signal is expressed via the Langevin’s function, and expres-
sion of the amplitudes of the odd harmonics is deduced from
a Taylor series expansion of the Langevin’s function, and thus
the coefficient matrix
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where M, is effective magnetic moment of a magnetic nano-
particle, k is a Boltzmann’s constant, H, is anamplitude of the
AC excitation magnetic field, a, , is a coefficient of an ele-
ment at the uth row and the vth column of the coefficient
matrix A,uv=1,2,...,n,v=1,2 ..., m, mis the number of
Taylor’s expansion terms, and mzn;

a related column vector Y of the in-vivo temperature is
expressed as

SNlz Nz

N
T2m-1

where T is the in-vivo temperature of the measured object,
and N is magnetic nano concentration at the measured object.

Advantageously, as the number of the Taylor’s expansion
terms m is equal to the number of the odd harmonics n, step
(5) comprises: calculating the related column vector of the
in-vivo temperature Y=A"'x, and further the in-vivo tempera-
ture Tzz(‘“”)\/WY_q, l=p<q=2n-1, where Y, and Y, respec-
tively represents the p” and the q” element of the related
column vectorY of the in-vivo temperature; and as the num-
ber of the Taylor’s expansion terms m is greater than the
number of the odd harmonics n, step (5) comprises: perform-
ing least square fitting via B=[N,T]” as a variable and the
relationship between the odd harmonics and the in-vivo tem-
perature X=AY as an objective function whereby determining
the in-vivo temperature T.

Advantageously, step (4) uses a digital phase-sensitive
detection method to detect the amplitudes of the odd harmon-
ics, and comprises sub-steps of:

(a) sampling the AC magnetization signal M of the mag-
netic nano agent to obtain a discrete intensity signal M (i),
wherei=1,2...,L, and L is the number of sampling points;

(b) setting j=1;

(c) calculating f'=(2j—1)f, where fis a frequency of the AC
excitation magnetic field;

(d) generating two orthogonal reference signals, and sam-
pling the orthogonal reference signals to obtain two discrete
sampling signals R, (1) and R,(1);

(e) determining whether j is equal to 1, proceeding to step
(g) if yes, and proceeding to step (f) otherwise;

(f) filtering the 2j-3” odd harmonic in the discrete intensity
signal M(i);

(g) performing mutual correlation calculation and mean
filtering on the discrete sampling signal R, (i) and the discrete
intensity signal M(i) to obtain a first component S,; ,, pet-
forming mutual correlation calculation and mean filtering on
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the discrete sampling signal R,(i) and the discrete intensity
signal M(i) to obtain a second component O, ,, and calcu-
lating an amplitude of a 2j-1? odd harmonic Cy=2
Szj_12+02j_12; and
(h) determining whether j is less than n, setting j=j+1 and
retuning step (¢) if yes, and ending otherwise.

Advantageously, step (4) uses a least square system param-
eter identification method to detect the amplitudes of the odd
harmonics, and comprises sub-steps of:

sampling the AC magnetization signal M of the magnetic
nano agent to obtain a discrete intensity signal M(i), where

i=1,2...,L, and L is the number of sampling points;
assuming
M(1) sin(Q))  sin(3Q)) sin((2n — 1))

M(2) sin(2Q)  sin(62) . sin(2(2n — DY)

5

M(L) sin(LQ)) sin(3LQ) ... sin(L(2n - 1))

finding matrices ¢ and Z so that J=[Z-¢X][Z-¢X] is the
minimum by adjusting a sampling frequency, and determin-
ing the column vector X=(¢”¢)"'¢”Z formed by the ampli-
tudes C, of the odd harmonics, where a digital angular fre-
quency

2nf

0=,
I

f, represents a sampling frequency,  represents a circumfer-
ence ratio, and a superscript T represents transpose.

Advantageously, intensity of the AC excitation magnetic
field ranges from 20 Oe to 1000 Oe, and a frequency of the AC
excitation magnetic field ranges from 20 Hz to 20 kHz.

Advantageously, the number of the odd harmonics ranges
from 2 to 4, and that of the Taylor’s expansion terms m ranges
from 2 to 6.

It is another objective of the invention to provide a method
for in-vivo temperature measurement based on AC magneti-
zation of magnetic nanoparticles that is capable of accurately
measuring in-vivo temperature without obtaining concentra-
tion of the magnetic nanoparticles.

An in-vivo temperature measurement system, comprising:

a first module configured to position magnetic nano agent
at an area of a measured object;

a second module configured to apply an AC excitation
magnetic field to the area of the magnetic nano agent;

a third module configured to collect an AC magnetization
signal of the magnetic nano agent under the AC excitation
magnetic field;

a fourth module configured to detect amplitudes C,,
C,, ..., C,, ; of odd harmonics of the AC magnetization
signal, the number of odd harmonics n 1; and

a fifth module configured to calculate in-vivo temperature
T according to a relationship between the odd harmonics and
the in-vivo temperature X=AY, where
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the amplitudes of the odd harmonics form a column vector

G
C3

Con-1

a coefficient matrix A is defined as: the AC magnetization
signal is expressed via the Langevin’s function, and expres-
sion of the amplitudes of the odd harmonics is deduced from
a Taylor series expansion of the Langevin’s function, and thus
the coefficient matrix

M;H, M{H] MJH; M H!
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where M, is effective magnetic moment of a magnetic nano-
particle, k is a Boltzmann’s constant, H, is anamplitude of the
AC excitation magnetic field, a, , is a coefficient of an ele-
ment at the uth row and the vth column of the coefficient
matrix A,uv=1,2,...,n,v=1,2 ..., m, mis the number of
Taylor’s expansion terms, and mzn;

a related column vector Y of the in-vivo temperature is
expressed as

N

N
T2m-1

where T is the in-vivo temperature of the measured object,
and N is magnetic nano concentration at the measured object.

Advantageously, the fifth module comprises:

a fifty-first sub-module configured to calculate the related
column vector of the in-vivo temperature Y=A"' X, and fur-
ther the in-vivo temperature T=22%/ Y, /Y, 1=p<q=2n-1as
the number of the Taylor’s expansion terms m is equal to the
number of the odd harmonics n, whereY,, and Y, respectively
represents the p” and the q” element of the related column
vector Y of the in-vivo temperature; and

a fifty-second sub-module configured to perform least
square fitting via B=[N,T]” as a variable and the relationship
between the odd harmonics and the in-vivo temperature
X=AY as an objective function whereby determining the
in-vivo temperature T as the number of the Taylor’s expan-
sion terms m is greater than the number of the odd harmonics
n.

Advantageously, the fourth module uses a digital phase-
sensitive detection method to detect the amplitudes of the odd
harmonics, and comprises:
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a forty-first sub-module configured to sample the AC mag-
netization signal M of the magnetic nano agent to obtain a
discrete intensity signal M(i), wherei=1,2...,[,and L is the
number of sampling points;

a forty-second sub-module configured to set j=1;

a forty-third sub-module configured to calculate f=(2j-1)f,
where f is a frequency of the AC excitation magnetic field;

a forty-fourth sub-module configured to generate two
orthogonal reference signals, and to sample the orthogonal
reference signals to obtain two discrete sampling signals
R, (1) and R, (1);

a forty-fifth sub-module configured to determine whether j
is equal to 1, to proceed to step (g) if yes, and to proceed to
step (f) otherwise;

a forty-sixth sub-module configured to filter the 2j-3" odd
harmonic in the discrete intensity signal M(i);

a forty-seventh sub-module configured to perform mutual
correlation calculation and mean filtering on the discrete sam-
pling signal R, (i) and the discrete intensity signal M (i) to
obtain a first component S,; ,, to perform mutual correlation
calculation and mean filtering on the discrete sampling signal
R, (1) and the discrete intensity signal M (i) to obtain a second
component O,, ;, and to calculate an amplitude of a 2j-1"
odd harmonic C,_,=2VS,, ,>+O,, % and

a forty-eighth sub-module configured to determine
whether j is less than n, to set j=j+1 and return step (c) if yes,
and to end otherwise.

Advantageously, the fourth module uses a least square
system parameter identification method to detect the ampli-
tudes of the odd harmonics,

the fourth module is configured to sample the AC magne-
tization signal M of the magnetic nano agent to obtain a
discrete intensity signal M(i), wherei=1,2...,[,and L is the
number of sampling points;

assuming
M(1) sin(Q))  sin(3Q)) sin((2n — 1))
M(2) sin(2Q)  sin(62) . sin(2(2n — DY)
= : and ¢ = : : : >
M(L) sin(LQ)) sin(3LQ) ... sin(L(2n - 1))

to find matrices ¢ and Z so that J=[Z-¢X]’[Z-¢X] is the
minimum by adjusting a sampling frequency, and to deter-
mine the column vector X=(¢7¢)™'¢?Z formed by the ampli-
tudes C, of the odd harmonics, where a digital angular fre-
quency

2f
Q= 7
f, represents a sampling frequency, & represents a circumfer-
ence ratio, and a superscript T represents transpose.

Advantages of the Invention Comprise:

The invention applies the AC excitation magnetic field to
the field of the magnetic nano agent, collects the AC magne-
tization of the magnetic nano agent under the AC excitation
magnetic field, detects the odd harmonics of the AC magne-
tization signal of the magnetic nanoparticles, analyzes spec-
trum information of a magnetic intensity model of the mag-
netic nanoparticles via the discrete Langevin’s function and
the Fourier transformation, establishes a matrix relationship
between the odd harmonics and temperature and concentra-
tion of the magnetic nanoparticles, and solves the in-vivo
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temperature according to the relationship without consider-
ing concentration of the magnetic nanoparticles, and effective
moment as temperature varies, and thus accurately detecting
the in-vivo temperature. In addition, the invention is capable
of accurately and rapidly detecting the in-vivo temperature,
and is especially applicable to detect thermal motion of bio-
logical molecules, and an average error thereof after ten times
of measurement experiments at a SNR of 80 dB is less than
0.2K.

DESCRIPTION OF ACCOMPANYING
DRAWINGS

FIG. 1 is a flowchart of a method for in-vivo temperature
measurement of an exemplary embodiment of the invention;

FIG. 2 illustrates principle of a digital phase-sensitive
detection (DPSD) method;

FIG. 3 illustrates measurement of different harmonics
using the digital phase-sensitive detection method;

FIG. 4 illustrates measurement of different harmonics
using a least square system parameter identification method;

FIG. 5 illustrates temperature estimation errors obtained
by measuring harmonics via the DPSD and the least square
system parameter identification method at an excitation fre-
quency of 1 kH;

FIG. 6 illustrates temperature estimation errors obtained
by measuring harmonics via the DPSD and the least square
system parameter identification method at an excitation fre-
quency of 5 kH; and

FIG. 7 illustrates temperature estimation errors obtained
by measuring harmonics via the DPSD and the least square
system parameter identification method at an excitation fre-
quency of 10 kH.

SPECIFIC EMBODIMENT OF THE INVENTION

For clear understanding of the objectives, features and
advantages of the invention, detailed description of the inven-
tion will be given below in conjunction with accompanying
drawings and specific embodiments. It should be noted that
the embodiments are only meant to explain the invention, and
not to limit the scope of the invention.

As shown in FIG. 1, a method for in-vivo temperature
measurement of the invention comprises steps of:

(1) positioning magnetic nano agent at an area of a mea-
sured object;

in details, firstly surface of magnetic nanoparticles is cov-
ered with modification agent, and then the magnetic nanopar-
ticles are redirected to the measured objects, such as various
biological organs, along with blood circulation systems via
injection.

(2) applying an AC excitation magnetic field to the area of
the magnetic nano agent;

Using a Taylor series expansion of the Langevin’s function
of' magnetization to calculate amplitudes of odd harmonics in
the following steps is based on a weak excitation magnetic
field, but a too weak excitation magnetic field is to lead to a
small SNR of the magnetization, and make it difficult to
extract high harmonics. Therefore, it is very important to
select an appropriate strength for the AC excitation magnetic
field, normally 20~1000 Oe, and advantageously 100 Oe. In
addition, a frequency of the AC excitation magnetic field is 20
Hz to 20 kHz, and advantageously 1 kHz.

(3) collecting an AC magnetization signal of the magnetic
nano agent under the AC excitation magnetic field;

a detection coil as a sensor is placed in the vicinity of the
measured object containing the magnetic nano agent, mag-
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netization analog signal induced thereby is pre-processed by
a conditioning circuit, and then sampled and transmitted to a
computer for further procession via a data acquisition card.

(4) detecting amplitudes of odd harmonics of the AC mag-
netization signal;

firstly, the AC magnetization signal is modeled: AC mag-
netization of magnetic nanoparticles with paramagnetic char-
acteristics follows the Langevin’s function as follows:

kT
T M,H

MH
)

MH
T )

M = NM, [coth( -

] = NMSL(
where

)

is the Langevin’s function, N is concentration of the magnetic
nano agent, the excitation magnetic field H=H, sin (2n ft), H,
is a amplitude of the excitation magnetic field, fis a frequency
of the excitation magnetic field, M, is effective magnetic
moment of the magnetic nanoparticle, k is the Boltzmann’s
constant, T is temperature of the magnetic nanoparticle,
namely in-vivo temperature of the measured object.

Then the above equation is divided into multiple frequency
mixing signals containing multiple odd harmonics, namely

M= Z Cajysin@j - Dot n= 1
=

where C, | is an amplitude of the 2j-1" 0dd harmonic, an

angular frequency w=2tf, t is time, n is the preset number of
polynominal expansion terms that determines the number of
all measured odd harmonics, if'n is too small, an approxima-
tion error of finite terms of the AC magnetization and thus a
temperature estimation error become large, ifn is too large, it
is difficult to accurately detect weak amplitude signals of high
harmonics, and thus the temperature estimation error is to be
increased. It is suggested that n range from 2 to 4.

By replacing the Fourier equation

1
Cojy = ;ﬁMsin((Zj— Do) dwr
-

with the Taylor series expansions

NM? NM} . 2NMS
M= ——"H—- ——— S —
34T 454373 O45k5TS
NME NMZ™ —_
ot H™"
472577 Dk 1T2m-1

itis possible to obtain an expression for an amplitude C,,
of each harmonic, b,, is a constant, the number of Taylor’s
expansion terms m ranges from 2 to 6, and m=n

An example in which the number of odd harmonics n=4
and the number of Taylor’s expansion terms m=4 will be
given below:
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M = Cysin{wr) + C3sin(3wr) + Cssin(Swri) + Cosin(7wr),

NMZ2H, NM*H3 NMSHY NMSH]
YT TET T 60T T TS6KSTS | SGAKTTY
_ NMIHY  NMSH] . NMSH]
T 180T T 151265T5 T 144007 T7
wheres
oo NMEH3 NMEH]
3T T560K5TS 432006777
NMEH]
C7 = e
3024006777

the odd harmonics are proportional to concentration of the
particles per unit volume, and harmonic ratios are function-
ally related to temperature and irrelevant to the concentration,
and can prove approximation of the temperature without
knowing particle concentration.

Based on the above model, this step employs a digital
phase-sensitive detection (DPSD) method and a least square
system parameter identification method to measure the
amplitudes of the odd harmonics of different AC magnetiza-
tion.

Measurement of an amplitude of a fundamental harmonic
C,, an amplitude of a third harmonic C;, an amplitude of a
fifth harmonic Cs, and an amplitude of a seventh harmonic C,
of different AC magnetization using the DPSD and the least
square system parameter identification method is described
below with reference to an example in which the number of
the harmonics n=4.

A. Using the DPSD to Measure the Amplitudes of the Odd
Harmonics

FIG. 2 illustrates a principle of the DPSD. Firstly two
orthogonal reference signals are set according to a particular
frequency to be extracted f: R,(t)=cos(2nf't), R,(t)=sin
(2mef't), and then respectively mutually correlated with a mea-
sured signal M(t), then mean-filtered whereby forming two
components

S—A‘O dO—A 0.
_Esman _Ecos,

where A is a amplitude of the particular frequency, 0 is a phase
angle of the particular frequency, and finally the amplitude
and the phase angle can be obtained according to equations

A:2‘/Sz+02 and
S

6 = arctan—.

o

FIG. 3 illustrates measurement of different harmonics
using the digital phase-sensitive detection method, and a
detailed measurement process is as follows:

Al. Signal Sampling

The AC magnetization signal M of the magnetic nanopar-
ticles is M(1)=C, sin (Qi)+C; sin (3 Q1)+C; sin (5 Q1)+C, sin
(7 Qi)+e(i) after analog-digital conversion, and the two ref-
erence signals are R, (1)=cos(Q'1), R,(1)=sin(Q") after analog-
digital conversion, where f is an excitation frequency, f, is a
sampling frequency, a digital angular frequency
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10
onf 2nf!
a="2 o= ,
s 5
sampling points i=1, 2 . . ., L, L is the length of discrete

sampling series, €(.) is an error function containing high
harmonics.
A2. Extraction of Amplitudes of Harmonics

(1) To obtain an amplitude of the fundamental harmonic,
assume f'=f and use the DPSD method to get:

S 1LM'R' L
l-z; (DR1(0) = —-sin

0 —1iM('>R(')—C‘ 0
I_Lizl zzz_zcos

then the amplitude of the fundamental harmonic is

V5502

(2) after the amplitude C, of the fundamental harmonic is
obtained, to obtain the amplitude C; of the third harmonic
with high accuracy, assume =3 f and use the DPSD method
to process a magnetization signal M' after filtering the funda-
mental harmonic and get:

s 1ZL:M"R' S5 o
3= zi:l (DR (D) = - sin

0—1L M ORs () = S cosd
3—2;1 (DRa(D) = >cos

then the amplitude of the third harmonic is
Cs=57405

(3) after the amplitude C; of the third harmonic is obtained,
for the magnetization M" after the third harmonic of M' is
filtered, assume f'=5f and use the DPSD method to get:

s 1ZL:M”'R = S ing
s—ziZI (D) 1(l)—751n

0—1LM”'R'—C5 9
s—z; (DRa(D) = cos

then the amplitude of the fifth harmonic is
Cs~57405

(4) after the amplitude C of the fifth harmonic is obtained, for
the magnetization M" after the third harmonic of M" is fil-
tered, assume =7 f and use the DPSD method to get:

S = 1ZL] MRy = Lsind
7_Li:1 zlz_zsm
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-continued

1 & le2
07 = Z; M (DRa (D) = 5" cosf

then the amplitude of the seventh harmonic is

CANSF+07

By performing the above steps, it is possible to extract the
amplitudes of the harmonics in the AC magnetization signal
of the magnetic nanoparticles via the DPSD method.

B. Using the [.east Square System Parameter Identification
Method to Measure Harmonics

FIG. 4 illustrates measurement of different harmonics
using the least square system parameter identification
method, and a detailed measurement process is as follows:

Signal sampling: The AC magnetization signal M of the
magnetic nanoparticles is M(1)=C, sin (Qi)+C; sin (3 Qi)+Cs
sin (5 Q1)+C, sin (7 Qi)+€(i) after analog-digital conversion,
where fis an excitation frequency, f, is a sampling frequency,
a digital angular frequency

2f
a==-,
I
sampling points i=1, 2 . . . , L, €(.) is an error function

containing high harmonics, and L is the length of discrete
sampling series.

Then the above equation is further converted to a matrix
relationship:

M(1) sin(Q))  sin(3Q))  sin(3Q)  sin(7Q) [ C; (1)
M(2) sin(2Q) sin(6£) sin(10£)) sin(149) || C; £(2)
H - H H H H Cs + N
M(L) sin(L) sin(3LQ) sin(5LQ) sin(7LO) | C7 e(L)
M(1) sin(Q))  sin(3Q))  sin(5Q))  sin(7Q)
M(2) sin(2Q))  sin(6€)) sin(10€)) sin(14Q)
assume Z = . ,p= . . . . s
M(L) sin(LQ) sin(3LQ) sin(5LL) sin(7LQ)
Cy (1)
Cs £(2)
X = c ,e= ,then Z = X +e, an error vector e = Z — ¢X.
5
& (L)

In the model, the least square system parameter identifica-
tion method assesses fitting of measurement data based on
estimation of a unknown parameter vector X being capable of
minimizing square sum of errors, namely

To minimize J=[Z-¢X]*[Z-¢$X], it is required to find appro-
priate matrices ¢ and Z by adjusting a sampling frequency.
Assume an optimum estimation column vector X=

@©'9)"9"Z, let
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aJ
o% |x=x

=4,

namely J is the minimum. Thus, the amplitude of the funda-
mental harmonic C,, the amplitude of the third harmonic C;,
the amplitude of the fifth harmonic Cs, and the amplitude of
the seventh harmonic C, can be obtained from the optimum
estimation column vector X.

(5) calculating in-vivo temperature according to the matrix
relationship between the amplitudes C,, , of the odd harmon-
ics and the in-vivo temperature T;

The amplitudes C,, , of the odd harmonics and the in-vivo
temperature T follow a matrix relationship X=AY, where

X is a column vector formed by the amplitudes C,; , of the
odd harmonics, and

Cont

Y is arelated column vector of the in-vivo temperature, and

T

N
T2m-1

the coefficient matrix A is defined as: the AC magnetization
signal is expressed via the Langevin’s function, and expres-
sion of the amplitudes of the odd harmonics is deduced from
a Taylor series expansion of the Langevin’s function, and thus
the coefficient matrix

MXHy, MIH] MSH] ML
aytk  aipk® aak’ ay k=1

0 MYHZ MEH] ML
a2,2k3 a2,3k5 azymkszl

A= : R

MZmHZm—l

© s 70

Qg kP

0 MSZmHgm—l
an'mem—l

where a, ,, is a coefficient of an element at the uth row and the
vth column of the coefficient matrix A, u=1, 2, . . ., n,
v=1,2...,m, mzn.

Using the above relationship between the harmonics and
the temperature X=AY to solve the in-vivo temperature com-
prises the following two scenarios:

(a) as the number of the Taylor’s expansion terms m is
equal to the number of the odd harmonics n, step (5) com-
prises: calculating the related column vector of the in-vivo
temperature Y=A"' X, and further the in-vivo temperature
T=2@2nf Y,/Y,, 1=sp<q=2n-1, where Y, and Y, respectively
represents the p” and the q” element of the related column
vector Y of the in-vivo temperature;
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(b) as the number of the Taylor’s expansion terms m is
greater than the number of the odd harmonics n, step (5)
comprises: performing least square fitting via B=[N,T]” as a
variable and the relationship between the odd harmonics and
the in-vivo temperature X=AY as an objective function
whereby determining the in-vivo temperature T.

An example in which m=n=4 is described as follows:

o - NMZ2H, NMMH} NMSH]  NMEH]
YT TET T 60T T56KSTS | S6AKTTY
NMH;  NMSH; NMEH]
S T80T T TSTS 14000 T
_ NMSH] NMEH]
T T560K5TS 43200677
NMSH]
Cr= =t
3024006777
is converted to a matrix relationship:
MZXH, M*H} MSH; MSH] T N
3k 60k3  T56kS 86407 || T
G MAHD MOH]  MPH] || N
G| 180k> 151245 14400k7 || T3
Cs MSHS MHD || N[
0 s A -
o 756065 T a320067 || T
méH] || N
0 0 0 —=_ |
30240067 1L 77

assume a related column vector of the temperature

HlzdlzElz Nz

the amplitudes of the odd harmonics form a column vector

o]
(&
Cs
&

coefficient matrix A is

MXH, MYH3  MSH] MEH]
3k 60k 756k5  8640k7
Mmoo ming

180k3 151265  14400k7
N L L
7560k 43200k7

302400k7

then the related column vector of the in-vivo temperature is
calculated Y=A"' X, thus the temperature T can be measured
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by any two dimensional data (such as the p” dimension and
the q” dimension) without knowing concentration of the
magnetic nanoparticles, namely

TZZ(q*W=2(Q*P),(T21Z?1)/(%)’15p<q54

whereY,, and Y, respectively represents the p™ and the q”
element of the related column vector Y of the in-vivo tem-
perature. Advantageously, as P=1, gq=2, highly accurate
results can be obtained.

Simulation Example
1. Simulation Model and Test Description

To study effectiveness of the temperature measurement
method and to optimize design, the example uses simulation
data with noise to test the algorithm of the invention. During
simulation and testing, effective moment M, of the particles
in the agent is 4x107*° (the value is determined by the type of
the agent). Since a quadrinomial approximation model of the
Fourier series of the AC magnetization causes error effect, an
AC excitation magnetic field with a small amplitude must be
used. In this example, the amplitude of the AC excitation
magnetic field H,=100 Oe. A noise model uses a function in
the MATLAB software named ‘awgn’ to apply noise with a
preset SNR to the AC magnetization of the sampling signal. A
SNR during temperature measurement is set to 80 dB, a
frequency of the excitation magnetic field is set to 1 kHz (low
frequency point), 5 kHz (middle frequency point) and 10 kHz
(high frequency point) for different purposes, and a tempera-
ture test range is between 300 K to 340 K.

To test accuracy of the temperature measurement method
of the invention, the simulation uses the DPSD method and
the least square system parameter identification method to
test temperature estimation errors obtained from different
harmonics in the AC magnetization of the magnetic nanopar-
ticles. Meanwhile, to test repeatability of the method, an
average temperature estimation error after ten times of
repeated measurement is used. FIGS. 5 to 7 respectively
illustrates an average temperature estimation error obtained
by measuring harmonics via the DPSD and the least square
system parameter identification method at an low excitation
frequency of 1 kH, a middle excitation frequency of 5 kHz,
and a high excitation frequency of 10 kHz.

2. Simulation Results

FIGS. 5 to 7 indicate no matter what frequency is used (a
low frequency of 1 kHz, a middle frequency of 5 kHz, or a
high frequency of 10 kHz), temperature estimation errors
obtained by measuring harmonics via the DPSD and the least
square system parameter identification method can be con-
trolled below 0.2 K, and accuracy, stability and repeatability
during measurement can be ensured. As atest SNR is set to 80
dB, the temperature measurement method of the invention
features good noise resistance performance, and provides a
new solution for accurate and fast noninvasive detection of
organisms’ temperature under highly complicated circum-
stances in the future.

While preferred embodiments of the invention have been
described above, the invention is not limited to disclosure in
the embodiments and the accompanying drawings. Any
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changes or modifications without departing from the spirit of

the invention fall within the scope of the invention.

What is claimed is:

1. A method for in-vivo temperature measurement, com-

prising steps of:

(1) positioning a magnetic nano agent at an area of a mea-
sured object;

(2) applying an AC excitation magnetic field to said area;

(3) collecting an AC magnetization signal of said magnetic
nano agent under said AC excitation magnetic field
using a coil sensor and processing the AC magnetization
signal via a data acquisition card;

(4) detecting amplitudes C,, C;, . . ., C,,_; of odd harmon-
ics of said AC magnetization signal, a number of said
odd harmonics n=1; and

(5) calculating in-vivo temperature T according to equation
X=AY,

wherein said amplitudes of said odd harmonics form a
column vector

Copy

wherein a coefficient matrix A is defined by expressing said
AC magnetization signal via Langevin’s function, and
deducing an expression of said amplitudes of said odd
harmonics from a Taylor series expansion of the Lan-
gevin’s function, thereby obtaining said coefficient

matrix

MX*Hy MIH] MSH; ML

aik  aiphk® a3k’ aypkm-1

0 MYHS MSH] IR

aak®  apsk® ap k21

As . . . ’

2 2m—1
© MHM
an—l,mk2m71

2 2m—1

0 MmeO
k21

where M, is effective magnetic moment of a magnetic
nanoparticle, k is a Boltzmann’s constant, H, is an
amplitude of said AC excitation magnetic field, a, , is a
coefficient of an element at the uth row and the vth
column of said coefficient matrix A, where u=1, 2, . . .,
n,v=1,2...,m, and mis anumberof Taylor’s expansion
terms, and mzn;

wherein a related column vector Y of said in-vivo tempera-
ture is expressed as

| T

T2m-1

16

where T is said in-vivo temperature of said measured
object, and N is magnetic nano concentration at said
measured object.

2. The method for in-vivo temperature measurement of

5 claim 1,
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wherein when the number of said Taylor’s expansion terms
m is equal to the number of said odd harmonics n, step
(5) is performed by calculating said related column vec-
tor of said in-vivo temperature Y=A"'X, and further said
in-vivo temperature T=2@?%/ Y, /Y, 1=p<qs2n-1,
whereY, and Y, respectively represents the p” and the
q™ element of said related column vector Y of said in-
vivo temperature; and

wherein when the number of said Taylor’s expansion terms
m is greater than the number of said odd harmonics n,
step (5) is performed by performing least square fitting
via B=[N,T]7 as a variable and the relationship between
said odd harmonics and said in-vivo temperature X=AY
as an objective function whereby determining said in-
vivo temperature T.

3. The method for in-vivo temperature measurement of

claim 1, wherein step (4) uses a digital phase-sensitive detec-
tion method to detect said amplitudes of said odd harmonics,
and comprises sub-steps of:

(a) sampling said AC magnetization signal M of said mag-
netic nano agent to obtain a discrete intensity signal
M(i), where 1=1,2 . . ., L, and L is the number of
sampling points;

(b) setting j=1;

(c) calculating f'=(2j-1)f, where f'is a frequency of said AC
excitation magnetic field;

(d) generating two orthogonal reference signals, and sam-
pling said orthogonal reference signals to obtain two
discrete sampling signals R (i) and R,(1);

(e) determining whether j is equal to 1, proceeding to step
(g) if yes, and proceeding to step (f) otherwise;

(P filtering the 2j-3” odd harmonic in said discrete inten-
sity signal M(i);

(g) performing mutual correlation calculation and mean
filtering on the discrete sampling signal R, (i) and said
discrete intensity signal M(i) to obtain a first component
S,:1, performing mutual correlation calculation and
mean filtering on the discrete sampling signal R,(i) and
said discrete intensity signal M(i) to obtain a second
component O, ,, and calculating an amplitude of a
2j-1” odd harmonic C,, ,=2VS,, ,*+0,, ;% and

(h) determining whether j is less than n, setting j=j+1 and
retuning step (¢) if yes, and ending otherwise.

4. The method for in-vivo temperature measurement of

claim 1, wherein step (4) uses a least square system parameter
identification method to detect said amplitudes of said odd
harmonics, and comprises sub-steps of:

sampling said AC magnetization signal M of said magnetic
nano agent to obtain a discrete intensity signal M(i),

where 1=1, 2 ..., L, and L is the number of sampling
points;
M)
M(2)
assuming Z = . and

M(L)
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-continued

sin(Q))  sin(3€))
sin(2Q)  sin(6Q)

sin((2n — 1))

. sin(2(2r - 1Y)
¢ = :

5

sin(2Q) sin(3LQ) ... sin(L(2n - 1)Q)

finding matrices ¢ and Z so that J=[ Z-¢$X]*[Z-¢X] is mini-
mum by adjusting a sampling frequency, and

determining said column vector X=(¢“¢)"'¢?Z formed by
said amplitudes C, of said odd harmonics, where a digital
angular frequency

2nf

0=,
5

f, represents a sampling frequency, 7 represents a cir-
cumference ratio, and a superscript T represents trans-
pose.

5. The method for in-vivo temperature measurement of
claim 1, wherein intensity of said AC excitation magnetic
field ranges from 20 Oe to 1000 Oe, and a frequency of said
AC excitation magnetic field ranges from 20 Hz to 20 kHz.

6. The method for in-vivo temperature measurement of
claim 1, wherein the number of said odd harmonics n ranges
from 2 to 4, and the number of said Taylor’s expansion terms
m ranges from 2 to 6.

7. An in-vivo temperature measurement system, compris-
ing:
afirst module configured to position a magnetic nano agent
at an area of a measured object;

a second module configured to apply an AC excitation
magnetic field to said area;

a third module configured to collect an AC magnetization
signal of said magnetic nano agent under said AC exci-
tation magnetic field in a digital form, the third module
comprising a coil sensor and a data acquisition card;

a fourth module configured to detect amplitudes C,,
Cs, ..., C,, ; of odd harmonics of said AC magnetiza-
tion signal, a number of said odd harmonics n=1; and

a fifth module configured to calculate in-vivo temperature
T according to equation X=AY,

wherein said amplitudes of said odd harmonics form a
column vector

Copy

wherein a coefficient matrix A is defined by expressing said
AC magnetization signal via Langevin’s function, and
deducing an expression of said amplitudes of said odd
harmonics from a Taylor series expansion of the Lan-
gevin’s function, thereby obtaining said coefficient
matrix
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MZXH,
ap 1k

M H;
a2k3
M H;
a2,2k3

MJH;
ay3k®
MJH;
a2,3k5

2m pp2m-1
M Hy
2m—1

alm
Mt
Qg k2T

0 L Mt

© ' C g kP
Mgt

T

Cpm

where M, is effective magnetic moment of a magnetic
nanoparticle, k is a Boltzmann’s constant, H, is an
amplitude of said AC excitation magnetic field, a,, , is a
coeflicient of an element at the uth row and the vth
column of said coefficient matrix A, where u=1, 2, . . .,
n,v=1,2...,m,and mis anumber of Taylor’s expansion
terms, and mzn;

wherein a related column vector Y of said in-vivo tempera-
ture is expressed as

Nl z Nz

N
T2m-1

where T is said in-vivo temperature of said measured
object, and N is magnetic nano concentration at said
measured object.

8. The in-vivo temperature measurement system of claim

, wherein said fifth module comprises:

a fifty-first sub-module configured to calculate said related
column vector of said in-vivo temperature Y=A"! X, and
further said in-vivo temperature T=2¢? W Y, /Y,
1=p<q=2n-1 when the number of said Taylor’s expan-
sion terms m is equal to the number of said odd harmon-
icsn, whereY , and Y respectively represents the p”and
the g element of said related column vector Y of said
in-vivo temperature; and

a fifty-second sub-module configured to perform least
square fitting via B=[N,T]” as a variable and the rela-
tionship between said odd harmonics and said in-vivo
temperature X=AY as an objective function whereby
determining said in-vivo temperature T when the num-
ber of'said Taylor’s expansion terms m is greater than the
number of said odd harmonics n.

9. The in-vivo temperature measurement system of claim

55 7, wherein said fourth module is configured to use a digital
phase-sensitive detection method to detect said amplitudes of
said odd harmonics, and comprises:

a forty-first sub-module configured to sample said AC
magnetization signal M of said magnetic nano agent to

60 obtain a discrete intensity signal M(i), where i=1,2. . .,

L, and L is the number of sampling points;

a forty-second sub-module configured to set j=1;

a forty-third sub-module configured to calculate £=(2j-1)f
where f is a frequency of said AC excitation magnetic

65 field;

a forty-fourth sub-module configured to generate two
orthogonal reference signals, and to sample said
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orthogonal reference signals to obtain two discrete sam-
pling signals R, (i) and R,(i);

a forty-fifth sub-module configured to determine whether j
is equal to 1, to proceed to step (g) if yes, and to proceed
to step (f) otherwise;

aforty-sixth sub-module configured to filter the 2j—3% odd
harmonic in said discrete intensity signal M(i);

a forty-seventh sub-module configured to perform mutual
correlation calculation and mean filtering on the discrete
sampling signal R, (i) and said discrete intensity signal
M(i) to obtain a first component S, ,, to perform mutual
correlation calculation and mean filtering on the discrete
sampling signal R, (i) and said discrete intensity signal
M(i) to obtain a second component O,, ; and to calculate
an amplitude of a 2j-1” odd harmonic Cy=2

S,,.1°+0,, % and

a forty-eighth sub-module configured to determine
whether j is less than n, to set j=j+1 and return step (¢) if 5,
yes, and to end otherwise.

10
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10. The in-vivo temperature measurement system of claim

wherein said fourth module is configured to use a least
square system parameter identification method to detect
said amplitudes of said odd harmonics,

25

wherein said fourth module is configured to sample said
AC magnetization signal M of said magnetic nano agent
to obtain a discrete intensity signal M(i) where
i=1,2...,L, and L is the number of sampling points;

20

wherein said fourth module is configured to assume

M)
M(2)
Z= .
M(L)
sin(Q))  sin(3Q)) sin((2n — 1))
sin(2Q)  sin(62) . sin(2(2n — DY)
$= H H H ’
sin(LQ)) sin(3LQ) ... sin(L(2n - 1)Q)

wherein the fourth module is configured to adjust a sam-
pling frequency to find matrices ¢ and Z so that J=[Z-
$X]7[Z-¢X] is the minimum, and

wherein said fourth module is configured to determine said
column vector X=(¢7$)"'¢“Z formed by said ampli-
tudes C; of said odd harmonics, where a digital angular
frequency

2nf
7

Q=

f, represents a sampling frequency, m represents a cir-
cumference ratio, and a superscript T represents trans-
pose.



